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In vivo subjective and objective
longitudinal chromatic aberration
in patients bilaterally implanted with
same design of hydrophobic and
hydrophilic intraocular lenses
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PURPOSE: To measure the longitudinal chromatic aberration in vivo using psychophysical and
wavefront-sensing methods in patients bilaterally implanted with monofocal intraocular lenses
(IOLs) of similar aspheric design but different materials (hydrophobic, Podeye and hydrophilic,
Poday).
SETTING: Instituto de Optica, Consejo Superior de Investigaciones Cientificas, Madrid, Spain.
DESIGN: Prospective observational study.
METHODS: Measurements were performed with the use of psychophysical (480 to 700 nm) and
wavefront-sensing (480 to 950 nm) methods, using a custom-developed adaptive optics system.
Chromatic difference-of-focus curves were obtained from best-focus data at each wavelength,
and the longitudinal chromatic aberration was obtained from the slope of linear regressions to
those curves.
RESULTS: The longitudinal chromatic aberration from psychophysical measurements was 1.37 di-
opters (D) G 0.08 (standard deviation) (hydrophobic) and 1.21 G 0.08 D (hydrophilic); from
wavefront-sensing longitudinal chromatic aberration was 0.88 G 0.07 D and 0.73 G 0.09 D,
respectively. In 480 to 950 nm, longitudinal chromatic aberration was 1.27 G 0.09 D
(hydrophobic) and 1.02 G 0.13 D (hydrophilic). Longitudinal chromatic aberration was
consistently higher in eyes implanted with the hydrophobic than the hydrophilic IOL (a difference
of 0.16 and 0.15 D, respectively). Similarly to findings in young phakic eyes, longitudinal
chromatic aberration from the psychophysical method is consistently higher than from wavefront-
sensing, by 0.48 D (35.41%) for the hydrophobic and 0.48 D (39.43%) for the hydrophilic.
CONCLUSION: This study provides estimates of the longitudinal chromatic aberration measured in a
wider spectral range than that in previous studies, using psychophysical and wavefront-sensing
measurements.
Financial Disclosure: No author has a financial or proprietary interest in any material or method
mentioned.
J Cataract Refract Surg 2015;-:-–- Q 2015 ASCRS and ESCRS
In natural conditions, with polychromatic light,
retinal image quality is affected both by monochro-
matic and chromatic aberrations of the ocular optics
and their interactions. Chromatic aberration in the
eye arises from the wavelength dependence of the
refractive index of the ocular media (chromatic
dispersion) affecting diffraction, scattering, and
aberrations.1–3 Chromatic dispersion causes short
wavelengths to focus in front of long wavelengths,
producing a chromatic difference of focus between
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the shorter and longer wavelengths known as longitu-
dinal chromatic aberration.4 The interactions between
chromatic and monochromatic aberrations have
drawn attention, particularly as the magnitude and
pattern of either aberration can be altered when the
crystalline lens of the eye is replaced by an intraocular
lens (IOL). In phakic eyes, it has been shown that
monochromatic aberrations play a protective role
against chromatic aberrations.5,6 This opens the dis-
cussion of whether correction of both chromatic and
monochromatic aberrations are needed to improve vi-
sual performance.7
In phakic eyes, longitudinal chromatic aberration
has been widely studied, and it is fairly accepted
that it is rather constant across the population and
with age.8,9 However, the reported longitudinal
chromatic aberration varies across studies, probably
associated with differences in the measurement tech-
niques, psychophysical4,9–14 and reflectometric,15–19
as well as the spectral range under test. In a recent
study,20 we presented longitudinal chromatic aber-
ration measured in the same subjects using psycho-
physical and reflectometry techniques in a wide
spectral range (450 to 950 nm) with adaptive optics
control of the subjects' natural aberrations. The lon-
gitudinal chromatic aberration measured psycho-
physically was significantly higher than that from
reflectometry techniques (1.51 diopters [D] versus
1.00 D in the 480 to 700 nm range).
In recent years, monofocal IOL designs have
improved not only to restore transparency or to cor-
rect refractive errors (sphere and cylinder) but also
to reduce the spherical aberration of the eye.21–25
However, the replacement of the IOL also modifies
the chromatic dispersion properties of the eye, as
this is affected by the refractive index wavelength de-
pendency of the IOL material. Therefore, the optical
performance of the pseudophakic in polychromatic
light will be determined by both the IOL design and
the IOL material.
The impact of the chromatic aberrations in the pseu-
dophakic eye has been acknowledged.26–28 There are
even proposals for IOL (diffractive) designs aiming at
correcting the ocular longitudinal chromatic aberra-
tion.29,30 The dispersion properties of the IOL are
defined by the Abbe number (ranging in most of
designs from 35 to 60). The higher the Abbe number,
the lower the longitudinal chromatic aberration. Most
reports of longitudinal chromatic aberration and poly-
chromatic optical quality in pseudophakic eyes are
based on computational predictions on eye models
and the IOL material Abbe number.26,30,31 There are
very few studies reporting in vivomeasurements of lon-
gitudinal chromatic aberration of pseudophakic eyes.
Nagata et al.27 measured the longitudinal chromatic
aberration in vivo (500 to 650 nm) in pseudophakic
eyes implanted with poly(methyl methacrylate) and
acrylic IOLs, using a modified chromoretinoscopy sys-
tem.32 Perez-Merino et al.33 reported monochromatic
aberrations measured at 2 wavelengths (532 nm and
785 nm) in 2 groups of pseudophakic eyes implanted
with 2 IOLs (Tecnis, Abbott Medical Optics, Inc. and
Acrysof IQ, Alcon Laboratories, Inc.) of different mate-
rials and found statistical differences between the
chromatic difference of focus with the 2 IOL types
(0.46 D and 0.75 D, respectively), consistent with the
Abbe number of the IOLmaterials. Siedlecki et al.34 pre-
sented the chromatic difference of focus in pseudo-
phakic eyes implanted with 2 types of Acrysof IOLs
(IQ SN60WF, spherical asymmetric biconvex IOL and
the SA60AT Q1, aspheric asymmetric biconvex IOL)
measured at 470 nm, 525 nm, and 660 nm with the
use of an autorefractometer adapted to monochromatic
measurements of refraction.
In this study, we present in vivo longitudinal
chromatic aberration in pseudophakic patients
bilaterally implanted with monofocal aspheric
hydrophobic and hydrophilic IOLs. Measurements
were performed on patients using psychophysical
and wavefront-sensing methods on a custom-
developed adaptive optics platform, provided with
a super-continuum laser source, a psychophysical
channel, a Hartman-Shack wavefront sensor, and
an electromagnetic deformable mirror to allow
control of monochromatic natural aberrations. The
psychophysical longitudinal chromatic aberration
was obtained in the visible range (480 to 700 nm)
and the longitudinal chromatic aberration from
wavefront-sensing was obtained both in the visible
(480 to 700 nm) and near infrared (IR) ranges
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(700 to 900 nm). Chromatic difference of focus curves
were obtained from best focus data at each wave-
length in each experiment, and the longitudinal
chromatic aberration was obtained from the slope
of linear regressions to those curves. The measured
longitudinal chromatic aberration was compared
between eyes of the same patient, with longitudinal
chromatic aberration values obtained on young
phakic patients performed with the use of the same
experimental system and with longitudinal chromatic
aberration reported on pseudophakic patients in the
literature.
PATIENTS AND METHODS
The longitudinal chromatic aberration was obtained from
psychophysical and wavefront-sensing measurements of
best focus at 8 different wavelengths on 18 eyes from 9
patients bilaterally implanted with the same design but
different material IOLs (hydrophobic, the Podeye and
hydrophilic, the Poday, PhysIOL) in each eye. Measure-
ments were performed using a custom-developed polychro-
matic adaptive optics system.
Patients and Intraocular Lenses
Nine patients (mean age 73.92 yearsG 4.28 standard de-
viation [SD]) participated in the study. Table 1 shows the
age, refractive, and clinical profiles of the participants.
All patients were bilaterally implanted, 1 eye with the
hydrophobic double-C loop hydrophobic IOL, and the
contralateral eye with the hydrophilic IOL. Both IOLs are
monofocal and aspheric, but they differ in their material.
Table 2 shows the characteristics of the 2 IOL types.
Patients received a complete ophthalmic evaluation
prior to enrollment in the study and surgery at the Instituto
de Oftamología Avanzada, Madrid, Spain. The preopera-
tive examination included uncorrected (UDVA) and
corrected distance visual acuity (CDVA), using the Early
Treatment of Diabetic Retinopathy Study (ETDRS) test,
biomicroscopy, corneal topography (Nidek Co., Ltd),
tonometry (Goldmann), and a fundus examination. Axial
length, anterior chamber depth, and white-to-white were
measured by means of optical biometry (IOLMaster, Carl
Zeiss Meditec AG). The IOL power was calculated with
the Holladay-2 formula, targeting emmetropia. The inclu-
sion criterion for the study were good general health, no
ocular pathology, no complications during surgery, IOL
power between 18.00 D and 23.00 D, natural astigmatism
less than 1.50 D, bilateral implantation, clear capsule, and
postoperative CDVA better than 0.7. Surgeries in each eye
were conducted with a time difference of less than 7 days,
and the IOLs (hydrophobic or hydrophilic) were randomly
assigned to the first or second eye.
Postoperative clinical evaluations were conducted at 1
day, 1 week, and 1 month after surgery and included
UDVA and CDVA, using the ETDRS test, intraocular pres-
sure (Goldmann), and biomicroscopy. At the 1-month
follow-up visit, the visual quality was assessed in the clinic
by the objective scatter index (OSI), modulation transfer
function (MTF), and Strehl ratio, measured using the Optical
Quality Analyzer System (OQAS, Visiometrics S.L.). Night
haloes were measured using the Halo software (version
1.0, University of Granada). Surgical procedures were
performed by 1 of 2 surgeons on an outpatient basis under
topical anesthesia. For phacoemulsification, the surgeon
made a 2.2 mm clear corneal incision. The IOLs were
Table 1. Optometric subjective refractions (spherical error, cylinder, axis) of the patients of the study, preoperatively and 1 month
postoperatively.
Subject Sex Lens Implanted IOL Power
Preoperative Data Follow-up (1 Month)
Sph Cyl Axis CDVA (LogMAR) Sph Cyl Axis DCVA (LogMAR)
S1_R_EYE M Podeye 21.50 3 1 80 0.4 1.5 1.25 80 0
S1_L_AY Poday 22.50 4 0.5 90 0.3 0 0 0 0
S2_R_AY F Poday 20.50 0.75 1 90 0.15 0 0 0 0
S2_L_EYE Podeye 21.00 1.75 1.25 95 0.2 0 0 0 0.05
S3_R_EYE F Podeye 21.00 1.75 1 55 0.3 0 0.75 80 0
S3_L_AY Poday 19.50 1.25 1 115 0.2 0 0.75 100 0
S4_R_AY M Poday 18.50 1.25 1.25 180 0.1 1 0 0 0
S4_L_EYE Podeye 18.00 0.75 0.5 12 0.2 0 0 0 0
S5_R_AY F Poday 21.00 1.75 1 90 0.2 0 0 0 0
S5_L_EYE Podeye 20.50 1.25 0.5 65 0.25 0 0 0 0
S6_R_EYE M Podeye 23.00 2.75 0.75 120 0.3 0 0 0 0
S6_L_AY Poday 22.50 3.25 1 110 0.25 0 0 0 0
S7_R_EYE F Podeye 20.00 1 2.25 20 0.5 1 1 180 0
S7_L_AY Poday 21.50 0.5 0.5 180 0.3 0 0 0 0
S8_R_EYE F Podeye 18.00 2.75 1.5 105 0.2 0.5 1.5 95 0
S8_L_AY Poday 19.50 0 1 70 0.1 0.5 1 75 0
S9_R_AY F Poday 19.00 1 0.5 70 0.2 0 0.75 100 0
S9_L_EYE Podeye 18.00 1 0.75 100 0.25 0.75 0.5 70 0
CylZ cylinder; S_AYZ eyes implantedwith PhysIOLPoday (hydrophilic); S_EYEZ eyes implantedwith PhysIOLPodeye (hydrophobic); SphZ spherical error.
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implanted in the capsular bag with a single-use injection sys-
tem (Microset, PhysIOL).
All participants were acquainted with the nature and
possible consequences of the study and provided written
informed consent. All protocols met the tenets of the Decla-
ration of Helsinki and had been previously approved by
the Spanish National Research Council (Consejo Superior
de Investigaciones Científicas) Bioethical Committee. All
experiments were conducted under mydriasis (tropicamide
1.0%, 2 drops 30 minutes prior to the beginning of the study
and 1 drop every 1 hour).
Polychromatic Adaptive Optics Set-up
Measurements were conducted in a custom-developed
adaptive optics system at the Visual Optics and Biophotonics
Laboratory (Instituto de Optica, Consejo Superior de Inves-
tigaciones Científicas) described in detail in a previous pub-
lication,20 which allowed control of the aberrations of the
subject while performing both psychophysical settings of
best focus and wavefront aberration measurements at
different wavelengths.
A super-continuum laser source (SC400 femtopower 1060,
Fianium Ltd.) was used as the light source of the system,
which allowed 2 independently filtered light fiber outputs
(visible-channel: 480 nm, 532 nm, 550 nm, 650 nm, and 700
nm and near IR channel: 780 nm, 827 nm, and 950 nm)
with a spectral bandwidth of approximately 5 nm (2 to 4
nm [visible]; 3 to 6 nm [near IR]). The laser power measured
at the corneal plane ranged between 0.5 mW and 50 mW,
within the American National Standards Institute safety
limits at all wavelengths.35–37
The main components of the adaptive optics system are
(1) A Hartmann-Shack wavefront sensor (microlens array
40  32, 3.6 mm effective diameter, centered at 1062 nm;
HASO 32 OEM, Imagine Eyes), which measures the ocular
aberrations; (2) A psychophysical channel (a slide with a
sunburst chart located in a conjugate pupil plane, mono-
chromatically back-illuminated with light coming from the
super-continuum laser source and subtending 1.62 degrees
on the retina), which allows projection of psychophysical
stimuli. The luminance of the stimulus was 20 to 25 cd/m2
in the spectral range tested psychophysically (450 to 700
nm) and therefore in the photopic region at all wavelengths
(O10 cd/m2). (3) A Badal system that corrects for defocus.
(4) A pupil-monitoring channel. (5) An electromagnetic
deformable mirror (52 actuators, 15 mm effective diameter,
50 mm stroke; Mirao, Imagine Eyes), which for the purposes
of this study, was used only to correct the aberrations of the
optical system. Patients were aligned to the system (using an
x-y-z stage), using the line of sight as a reference. A 6 mm
artificial pupil was placed in a conjugate pupil plane to
ensure that the pupil diameter during the measurements
did not exceed that value. All optoelectronic elements of
the system (super-continuum laser source main source,
Badal system, retinal image camera, pupil camera,
Hartmann-Shack, and deformable mirror) are automatically
controlled and synchronized, using custom-built software
programmed in Visual CCC and C# (Microsoft Corp.). A
dual acousto-optic modulator system, controlled with the
software provided by the manufacturer, allowed automatic
selection of the measurement wavelength. The custom-
developed routines use the manufacturer's Software Devel-
opment Kit for Hartmann-Shack centroiding detection and
wave aberration polynomial fitting. Wave aberrations
were fit by the 7th-order Zernike polynomials. The Optical
Society of America convention was used for ordering and
normalization of Zernike coefficients.38 The longitudinal
chromatic aberration of the systemwas measured, andmea-
surements were corrected by the calibrated longitudinal
chromatic aberration of the optical system, as described in
detail in a previous publication.20
Experiments
The longitudinal chromatic aberration was obtained from
psychophysical and objective estimates of best focus for each
of the tested wavelengths. The best subjective focus was
initially searched with the stimulus back-illuminated at a
reference wavelength of 550 nm and set as zero. The
following experiments were performed, in this order:
Experiment 1: Psychophysical Best Focus at Different
Wavelengths Patients adjusted their best subjective
focus using the Badal system while viewing the stim-
ulus back-illuminated with different wavelengths in
visible light (480 nm, 532 nm, 550 nm, 650 nm, and
700 nm). Patients were instructed to use the joystick
to move the Badal toward the position where the stim-
ulus, initially blurred by means of defocus induced
with the Badal system, appeared sharp for the first
time. Patients performed a trial before the experiment
to become familiar with the test. The best focus settings
were repeated 3 times for each wavelength, presented
randomly.
Experiment 2: Hartmann-Shack Wave Aberrations at
Different Wavelengths Wave aberrations were ob-
tained in visible light (480 nm, 532 nm, 550 nm, 650
nm, and 700 nm) and near IR light (780 nm, 827 nm,
and 950 nm), whereas the Badal system corrected the












0.11 mSA UV/blue Hydrated 1.52 w41.91




0.11 mSA UV/blue Hydrated 1.46 w58.00
GFZ glistening free; RIZ refractive index; UVZ ultraviolet.
*Data from the intraocular lens specification.
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subjective defocus of the patient at 550 nm. The refer-
ence for best focus at 550 nmwas obtained subjectively
under natural aberrations for experiments 1 and 2.
Data Analysis
The best subjective foci at each wavelength in experi-
ment 1 were directly obtained from the automatic readings
of the Badal optometer. The best foci at each wavelength in
experiment 2 were obtained from the 2nd-order Zernike
defocus coefficients (C02) in microns, from the Zernike poly-
nomial expansions fitting the wave aberrations measured
at each wavelength and using the expression D Z 16.
C02.O3/p
2, where C02 is the defocus Zernike coefficient in
microns, p is the pupil diameter, and D is the defocus in
diopters.
Chromatic difference of focus curves were obtained from
the best foci versus wavelength dataset of each experiment.
The longitudinal chromatic aberration was obtained from a
2nd-order polynomial fitting to those curves. The curves
are shifted in the vertical axis such that they cross zero at
550 nm (the reference wavelength) for a unique reference
for all techniques. For the psychophysical data, longitudinal
chromatic aberration was computed for the visible range
only. For the wavefront-sensing experiments, longitudinal
chromatic aberration was computed for visible (480 to
700 nm), near IR (700 to 950 nm), and total spectral ranges
(480 to 950 nm). For comparisons with the literature, the
chromatic difference of focus between 2 specific wavelengths
was also calculated.
Statistical analysis was performed with SPSS software
(International Business Machines Corp.) to test differ-
ences in the estimated longitudinal chromatic aberration
across experiments and conditions. A paired-samples
t test was performed to analyze specific differences
between conditions.
RESULTS
Wave Aberration Measurement at Different
Wavelengths
Wave aberrations were measured for both eyes and
all patients at 8 wavelengths. With wavelength, only
the defocus Zernike term shows significant differ-
ences, whereas astigmatism and higher-order aberra-
tions (HOAs) do not show systematic changes.
Figure 1,A shows wave aberration maps (astigmatism
and HOAs) in patient 6 for the eye implanted with the
hydrophobic IOL (upper row) and hydrophilic IOL
(lower row) IOLs, illustrating little variation in the
wave aberrations with wavelength. On average across
eyes, the variation of rootmean square (RMS) for astig-
matism and HOAs was less than 4% across wave-
lengths. Figure 1, B shows the average RMS
(astigmatism and HOAs) across wavelengths for
each patient (eyes with hydrophobic and hydrophilic
IOLs, respectively). The RMS for astigmatism and
HOAs was, on average, 0.48G 0.03 mm for the hydro-
phobic IOL and 0.39 G 0.03 mm for the hydrophilic
IOL (last bars in Figure 1, B).
Chromatic Difference of Focus From Psychophysical
and Wavefront-Sensing
Figure 2 shows the measured chromatic difference
of focus from psychophysical measurements (experi-
ment 1: Figure 2, A for hydrophobic IOLs and (B) for
hydrophilic IOLs) and from the defocus Zernike coef-
ficients from wavefront-sensing (experiment 2:
Figure 2 (C) for hydrophobic IOLs and (D) for hydro-
philic IOLs) for all measured wavelengths in each
experiment. Lines represent polynomial fitting curves
to the data.
Longitudinal Chromatic Aberration: Differences
Across Eyes and Techniques
Figure 3 shows longitudinal chromatic aberration
from psychophysical measurements (A) in the visible
range (480 to 700 nm), from wavefront-sensing (B) in
the visible range (480 to 700 nm), and (C) in the total















Figure 1. (A) Wave aberration maps for the astigmatism and HOAs in patient 6 for the eye implanted with the hydrophobic (upper row) and
hydrophilic (lower row) IOLs, for all measured wavelengths. (B) Averaged RMS (astigmatism and HOAs) for all patients (eyes implanted
with hydrophobic and hydrophilic IOLs, respectively), and average across each IOL type. Data are for 6.0 mm pupils.
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implanted eyes, hydrophobic (solid bars) and hydro-
philic (dashed bars).
Table 3 shows the average longitudinal chromatic
aberration from psychophysical and wavefront-
sensing measurements in the different spectral ranges
measured for both IOL types. The longitudinal chro-
matic aberration from the hydrophobic IOL is















Figure 2. Chromatic difference of focus from psychophysical best focus of monochromatic stimuli (A and B) and from defocus Zernike terms
from wavefront-sensing (C and D) for eyes implanted with the hydrophobic (A and C) and hydrophilic (B and D) IOLs, for all patients and
all measured wavelengths (psychophysical: 480 nm, 532 nm, 550 nm, 650 nm, and 700 nm; wavefront-sensing: 480 nm, 532 nm, 550 nm, 650















Figure 3. Longitudinal chromatic aberration from (A) subjective best focus and (B) wavefront-sensing for the visible (480 to 700 nm) and
(C) visible C near IR (480 to 950 nm) spectral range for all patients and averaged across patients. Solid bars indicate eyes implanted
with the hydrophobic IOL; dashed bars indicate eyes implanted with the hydrophilic IOL. Error bars in the subjective longitudinal chro-
matic aberration stand for standard deviation of repeated measurements.
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aberration from the hydrophilic IOL in both tech-
niques in the visible range as well as in the total spec-
tral range. Intersubject variability is small for both
techniques: G0.008 D for the psychophysical tech-
nique (visible range) and G0.006 D for wavefront-
sensing (total spectral range).
DISCUSSION
We measured the longitudinal chromatic aberration
in a wide range of wavelengths by using a psycho-
physical method and wavefront-sensing at multiple
wavelengthsdboth implemented in the same poly-
chromatic adaptive optics systemdon pseudophakic
eyes bilaterally implanted, 1 eye with the hydropho-
bic Podeye IOL and the contralateral eye with Poday
the hydrophilic IOL. The study design minimizes
potential patient bias, particularly in psychophysical
measurements (same patient perform the subjective
best focus settings with either IOL) as well as a direct
comparison of both lower-order aberrations and
HOAs across groups.
We found that the eyes implanted with the hydro-
phobic IOL exhibit a small but consistently higher lon-
gitudinal chromatic aberration than the eyes implanted
with the hydrophilic IOL (a difference of 0.16 D and
0.15 D from psychophysical and wavefront-sensing
methods, respectively, in the visible 480 to 700 nm
range). The difference is consistent with the lower
Abbe number of the hydrophobic material. The IOL
material potentially has relevance on visual perfor-
mance, as the IOLmaterial affects the chromatic aberra-
tion of the eye.
We found that the longitudinal chromatic aberra-
tion from the psychophysical method is consistently
higher (P Z .001) for all eyes than the longitudinal
chromatic aberration obtained from wavefront-
sensing, by 0.48 D (35.41%) for the hydrophobic IOL
and 0.48D (39.43%) in the hydrophilic IOL. Similar dif-
ferences were also found in a previous study20 on
young phakic eyes, using the same experimental sys-
tem (0.61 D, 40.4%). Lower values of longitudinal
chromatic aberration from reflectometric than from
psychophysical had been also reported earlier. Some
studies1,7,39 had attributed those differences to the
presence of HOAs, although our previous study20 dis-
carded this hypothesis by performing measurements
under correction of natural aberrations with adaptive
optics, which showed similar discrepancies between
psychophysical and reflectometric (wavefront-sensing
and double-pass–based) techniques. It is likely that the
differences arise bywavelength-dependent reflectivity
of the different retinal layers. In our previous study,20
we showed that deviations in the best focus from psy-
chophysical and reflectometric techniques occurred
both at the short and long range of the spectrum,
with higher shift in red than in blue light. We hypoth-
esized that blue light was reflected anteriorly from
the photoreceptors’ inner segments, approximately
in the retinal nerve fiber layer, and that red light was
reflected behind the photoreceptors, in the choroid.
This fact is interesting because in red light, the contri-
bution of the choroidal reflections is large compared
with that of reflections originating in the inner
layers of the retina40 andmight explain the higher shift
in red than in blue light. In any case, the relative dif-
ference in longitudinal chromatic aberration in eyes
implanted with different IOLs remains constant
regardless of the measurement technique.
The longitudinal chromatic aberration measured in
the pseudophakic eyes of the current study can be
compared with the longitudinal chromatic aberration
measured in our previous study on young phakics, us-
ing the same methods,20 and for similar wavelength
ranges (Figure 4). For both techniques, we found that
the longitudinal chromatic aberration in phakic eyes
is higher than in the pseudophakic eyes. These differ-
ences were statistically significant with both tech-
niques for the hydrophilic IOL, but only for the
wavefront-sensing technique for the hydrophobic
IOL (independent-samples t test): psychophysical:
hydrophilic phakic, P Z .002; wavefront-sensing: (1)
visible, hydrophobic phakic, P Z .041, hydrophilic
phakic, P Z .009; (2) near IR, hydrophilic phakic,
P Z .008; (3) visible C near IR, hydrophobic phakic,
PZ .018, hydrophilic phakic, PZ .02. The longitudi-
nal chromatic aberration in these pseudophakic eyes
is, on average, similar than the longitudinal chromatic
aberration in normal phakic eyes, whether measured
Table 3. Averaged LCA from psychophysical and wavefront-sensing measurements in the different spectral ranges measured for both IOL
types and P values from paired-samples t test.
Psychophysical Wavefront-Sensing
Podeye Poday P Value Podeye Poday P Value
Visible 480–700 nm 1.37G 0.08 D 1.21G 0.08 D .003* 0.88G 0.07 D 0.73G 0.09 D .004*
NIR 700–950 nm 0.39G 0.07 D 0.29G 0.08 D .184
VisibleC NIR 480–950 nm 1.27G 0.09 D 1.02G 0.13 D .004* Q2
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with the psychophysical or reflectometry technique, in
the same spectral ranges.
Chromatic aberrations play a major role on the
quality of vision1,29,41,42; however, only a few studies
have addressed the chromatic properties of the IOLs
and the chromatic aberration of the pseudophakic
eyes in vivo. Our study provides estimates of the
longitudinal chromatic aberration measured in a
wider spectral range in the visible and near IR than
that of previous studies, using psychophysical and
wavefront-sensing measurements. Figure 5 shows
the chromatic difference of focus found in the cur-
rent study (psychophysical data in blue; wavefront-
sensing, in pink), in comparison with in vivo chromatic
difference of focus (in the corresponding spectral
range) from previous studies from psychophysical
(red triangles) and reflectometric (green circles) tech-
niques with different types of IOLs.27,33,34 In general,
our results fall within values reported by previous
studies that used both psychophysical and reflecto-
metric techniques, with the data from psychophysical
techniques showing consistently higher longitudinal
chromatic aberrations than those from reflectometry
techniques.
WHAT WAS KNOWN
 Chromatic aberrations play a major role on the quality of
vision, and the longitudinal chromatic aberration has
been extensively measured in phakic eyes. Most esti-
mates of longitudinal chromatic aberration in pseudo-
phakic eyes come from computations based on the IOL
material Abbe number, and very few come from actual
measurements on patients.
WHAT THIS PAPER ADDS
 There were significant but small differences in the longi-
tudinal chromatic aberration with hydrophobic and hydro-
philic IOLs, the longitudinal chromatic aberration being
consistently smaller with hydrophilic IOLs. The longitudi-
nal chromatic aberration from psychophysical measure-
ments was consistently higher than those from





























Figure 4. Longitudinal chromatic
aberration averaged across pa-
tients for the hydrophobic IOL
(red solid bars), hydrophilic
IOL (red dashed bars), and phakic
eyes (green solid bars) for spectral
ranges in the visible, near IR,
and total spectral ranges, from
subjective best focus and wavefront-
sensing. *, **Statistically significant
(P ! .05) and highly statistically
significant (P ! .01) differences,
respectively, between pseudo-
phakic and phakic eyes. Error
bars stand for measurement error
for subjective longitudinal chro-






























Figure 5. Chromatic difference of
focus from the psychophysical
(blue triangles) and wavefront-
sensing (pink circles) measurements
of the current study and other psy-
chophysical (red triangles) and
reflectometry (green circles) data in
the literature. The measured chro-
matic range differed across studies,
and it is indicated by the symbols
in the end of the regression lines.
Data are referred to zero defocus
at 550 nm.
8 CHROMATIC ABERRATION WITH BILATERAL HYDROPHOBIC AND HYDROPHILIC IOLS















































































































FLA 5.4.0 DTD  JCRS9051_proof  20 November 2015  1:57 pm
REFERENCES
1. Thibos LN, Bradley A, Zhang X. Effect of ocular chromatic aber-
ration on monocular visual performance. Optom Vis Sci 1991;
68:599–607. Available at: http://journals.lww.com/optvissci/
Abstract/1991/08000/Effect_of_Ocular_Chromatic_Aberration_
on_Monocular.5.aspx. Accessed August 31, 2015
2. CharmanWN. Optics of the human eye. In: Cronly-Dillon J, ed,
Visual Optics and Instrumentation. Boca Raton, FL, CRC
Press, 1991; 1–26. Available at: http://roorda.vision.berkeley.
edu/Proseminar/readings/Charman.PDF. Accessed August
31, 2015
3. Graef K, Schaeffel F. Control of accommodation by longitudinal
chromatic aberration and blue cones. J Vis 2012; 12(1):14.
Available at: http://jov.arvojournals.org/article.aspx?articleidZ219
1954. Accessed August 31, 2015
4. Bedford RE, Wyszecki G. Axial chromatic aberration of the
human eye. J Opt Soc Am 1957; 47:564–565
5. McLellan JS, Marcos S, Prieto PM, Burns SA. Imperfect optics
may be the eye’s defense against chromatic blur [letter]. Nature
2002; 417:174–176. Available at: http://www.opt.indiana.edu/
people/faculty/burns/pub/McLellan_211_Final.pdf. Accessed
August 31, 2015
6. Ravikumar S, Thibos LN, Bradley A. Calculation of retinal image
quality for polychromatic light. J Opt SocAmAOpt ImageSci Vis
2008; 25:2395–2407
7. Zhang X, Thibos LN, Bradley A. Wavelength-dependent magnifi-
cation and polychromatic image quality in eyes corrected for lon-
gitudinal chromatic aberration. Optom Vis Sci 1997; 74:563–569.
Available at: http://journals.lww.com/optvissci/Abstract/1997/
07000/Wavelength_Dependent_Magnification_and.26.aspx.
Accessed August 31, 2015
8. Ware C. Human axial chromatic aberration found not to
decline with age. Graefes Arch Clin Exp Ophthalmol 1982;
218:39–41
9. Howarth PA, Zhang XX, Bradley A, Still DL, Thibos LN. Does the
chromatic aberration of the eye vary with age? J Opt Soc Am A
1988; 5:2087–2092
10. WaldG,Griffin DR. The change in refractive power of the human
eye in dim and bright light. J Opt Soc Am 1947; 37:321–336
11. Gilmartin B, HoganRE. Themagnitude of longitudinal chromatic
aberration of the human eye between 458 and 633 nm. Vision
Res 1985; 25:1747–1753
12. Marcos S, Burns SA, Moreno-Barriusop E, Navarro R. A new
approach to the study of ocular chromatic aberrations. Vision
Res 1999; 39:4309–4323
13. Helmholtz H. Helmholtz’s Treatise on Physiological Optics,
translated from the third German edition. In: Southall JPC,
ed, The Optical Society of America, 1924. Electronic version.
Rochester, NY, University of Pennsylvania, 2001; 1. chapt
13. Chromatic aberration in the eye. Available at: http://
poseidon.sunyopt.edu/BackusLab/Helmholtz/. Accessed
August 31, 2015
14. Atchison DA, Smith G. Optics of the Human Eye. Butterworth
Heinemann 2000; 160–169
15. Charman WN, Jennings JAM. Objective measurements of the
longitudinal chromatic aberration of the human eye. Vision
Res 1976; 16:999–1005
16. RyndersMC,NavarroR, LosadaMA.Objectivemeasurement of
the off-axis longitudinal chromatic aberration in the human eye.
Vision Res 1998; 38:513–522
17. Llorente L, Diaz-Santana L, Lara-Saucedo D,Marcos S. Aberra-
tions of the human eye in visible and near infrared illumination.
Optom Vis Sci 2003; 80:26–35. Available at: http://digital.csic.
es/bitstream/10261/8685/3/Aberrations_human_eye.pdf. Ac-
cessed August 31, 2015
18. Fernandez EJ, Unterhuber A, Prieto PM, Hermann B,
Drexler W, Artal P. Ocular aberrations as a function of wave-
length in the near infrared measured with a femtosecond
laser. Opt Express 2005; 13:400–409. Available at: https://
www.osapublishing.org/oe/viewmedia.cfm?uriZoe-13-2-400&
seqZ0. Accessed October 31, 2015
19. Fernandez EJ, Unterhuber A, Povazay B, Hermann B, Artal P,
Drexler W. Chromatic aberration correction of the human eye
for retinal imaging in the near infrared. Opt Express 2006;
14:6213–6225. Available at: https://www.osapublishing.org/oe/
viewmedia.cfm?uriZoe-14-13-6213&seqZ0. Accessed August
31, 2015
20. Vinas M, Dorronsoro C, Cortes D, Pascual D, Marcos S. Longitu-
dinal chromatic aberration of the human eye in the visible and
near infrared from wavefront-sensing, double-pass and psycho-
physics. Biomed Opt Express 2015; 6:948–962. Available at:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4361447/pdf/948.
pdf. Accessed August 31, 2015
21. Holladay JT, Piers PA, Koranyi G, van der Mooren M,
NorrbyNES.Anew intraocular lens design to reducespherical ab-
erration of pseudophakic eyes. J Refract Surg 2002; 18:683–691
22. Marcos S, Barbero S, Jimenez-Alfaro I. Optical quality and
depth-of-field of eyes implanted with spherical and aspheric
intraocular lenses. J Refract Surg 2005; 21:223–235
23. Tabernero J, Piers P, Benito A, Redondo M, Artal P. Predicting
the optical performance of eyes implanted with IOLs to correct
spherical aberration. Invest Ophthalmol Vis Sci 2006;
47:4651–4658. Available at: http://iovs.arvojournals.org/article.
aspx?articleidZ2124955. Accessed August 31, 2015
24. Piers PA,WeeberHA, Artal P, NorrbyS. Theoretical comparison
of aberration-correcting customized and aspheric intraocular
lenses. J Refract Surg 2007; 23:374–384
25. Franchini A. Compromise between spherical and chromatic ab-
erration and depth of focus in aspheric intraocular lenses.
J Cataract Refract Surg 2007; 33:497–509
26. Zhao H, Mainster MA. The effect of chromatic dispersion on
pseudophakic optical performance. Br J Ophthalmol 2007;
91:1225–1229. Available at: http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC1954934/pdf/1225.pdf. Accessed August 31, 2015
27. Nagata T, Kubota S, Watanabe I, Aoshima S. [Chromatic aber-
ration in pseudophakic eyes] [Japanese]. Nippon Ganka Gakkai
Zasshi 1999; 103:237–242
28. Negishi K, Ohnuma K, Hirayama N, Noda T. Policy-Based Med-
ical Services Network Study Group for Intraocular Lens and
Refractive Surgery. Effect of chromatic aberration on contrast
sensitivity in pseudophakic eyes. Arch Ophthalmol 2001;
119:1154–1158. Available at: http://archopht.jamanetwork.
com/article.aspx?articleidZ267417. Accessed August 31, 2015
29. Artal P, Manzanera S, Piers P, Weeber H. Visual effect of the
combined correction of spherical and longitudinal chromatic
aberrations. Opt Express 2010; 18:1637–1648. Available at:
https://www.osapublishing.org/oe/viewmedia.cfm?uriZoe-18
-2-1637&seqZ0. Accessed August 31, 2015
30. Weeber HA, Piers PA. Theoretical performance of intraocular
lenses correcting both spherical and chromatic aberration.
J Refract Surg 2012; 28:48–52
31. Siedlecki D, Ginis HS. On the longitudinal chromatic aberration
of the intraocular lenses. Optom Vis Sci 2007; 84:984–989.
Available at: http://journals.lww.com/optvissci/Fulltext/2007/
10000/On_the_Longitudinal_Chromatic_Aberration_of_the.14.
aspx. Accessed August 31, 2015
32. Bobier CW, Sivak JG. Chromoretinoscopy. Vision Res 1978;
18:247–250
33. Perez-Merino P, Dorronsoro C, Llorente L, Duran S, Jimenez-
Alfaro I, Marcos S. In vivo chromatic aberration in eyes
9CHROMATIC ABERRATION WITH BILATERAL HYDROPHOBIC AND HYDROPHILIC IOLS















































































































FLA 5.4.0 DTD  JCRS9051_proof  20 November 2015  1:57 pm
implanted with intraocular lenses. Invest Ophthalmol Vis Sci
2013; 54:2654–2661. Available at: http://iovs.arvojournals.org/
article.aspx?articleidZ2189112. Accessed August 31, 2015
34. Siedlecki D, Jozwik A, Zaja˛c M, Hill-Bator A, Turno-Kre˛cicka A.
In vivo longitudinal chromatic aberration of pseudophakic eyes.
Optom Vis Sci 2014; 91:240–246. Available at: http://journals.
lww.com/optvissci/Fulltext/2014/02000/In_Vivo_Longitudinal_
Chromatic_Aberration_of.17.aspx. Accessed August 31, 2015
35. Delori FC, Webb RH, Sliney DH. Maximum permissible expo-
sures for ocular safety (ANSI 2000), with emphasis on
ophthalmic devices. J Opt Soc Am A Opt Image Sci Vis 2007;





seq%3D0%26mobile%3Dno&orgZ. AccessedAugust 31, 2015
36. American National Standards Institute, Inc. American National
Standard for Safe Use of Lasers. New York, NY, ANSI
Z.136.1–2007. Available at: https://www.lia.org/PDF/Z136_1_
s.pdf. Accessed August 31, 2015
37. Morgan JIW, Hunter JJ, Masella B, Wolfe R, Gray DC,
Merigan WH, Delori FC, Williams DR. Light-induced retinal
changes observed with high-resolution autofluorescence
imaging of the retinal pigment epithelium. Invest Ophthalmol
Vis Sci 2008; 49:3715–3729. Available at: http://www.ncbi.nlm.
nih.gov/pmc/articles/PMC2790526/pdf/nihms158961.pdf. Ac-
cessed August 31, 2015
38. Thibos LN, Applegate RA, Schwiegerling JT, Webb R. VSIA
Standards Taskforce Members. Standards for reporting the
optical aberrations of eyes. J Refract Surg 2002; 18:S652–
S660. Available at: http://voi.opt.uh.edu/2000-JRS-standards
forrepotingtheopticalaberrationsofeyes.pdf. Accessed August
31, 2015
39. Williams DR, Brainard DH, McMahon MJ, Navarro R. Double-
pass and interferometric measures of the optical quality of the
eye. J Opt Soc Am A Opt Image Sci Vis 1994; 11:3123–3135
40. Delori FC, Pflibsen KP. Spectral reflectance of the human ocular
fundus. Appl Opt 1989; 28:1061–1077
41. Campbell FW, Gubisch RW. The effect of chromatic aberration on
visual acuity. J Physiol 1967; 192:345–358. Available at: http://
www.ncbi.nlm.nih.gov/pmc/articles/PMC1365561/pdf/jphysiol
01116-0087.pdf. Accessed August 31, 2015
42. Yoon G-Y, Williams DR. Visual performance after correcting
the monochromatic and chromatic aberrations of the eye.
J Opt Soc Am A Opt Image Sci Vis 2002; 19:266–275.
Available at: http://www.cvs.rochester.edu/williamslab/drw_
pubs/yoon_josa2002.pdf. Accessed August 31, 2015
10 CHROMATIC ABERRATION WITH BILATERAL HYDROPHOBIC AND HYDROPHILIC IOLS



































































































































FLA 5.4.0 DTD  JCRS9051_proof  20 November 2015  1:57 pm
